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Cross Reference To Related Applications 

This application is related to the following co-pending, commonly assigned 
U.S. patent applications which are herein incorporated by reference in their entirety: 
"Flash Memory With Low Tunnel Barrier Interpoly Insulators," serial number 
09/945,507, filed on August 30, 2001 ; "Programmable Array Logic Or Memory 
Devices With Asymmetrical Tunnel Barriers," serial number 09/943,134, filed on 
August 30, 2001 ; and "Scalable Flash/NV Structures and Devices With Extended 
Endurance," serial number 09/944,985, filed on August 30, 2001. 

Technical Field of the Invention 

This invention relates generally to integrated circuits and, more particularly, 
to nonvolatile programmable memory cells. 

Background of the Invention 

Conventional nonvolatile flash and Electronically Erasable Programmable 
Read Only Memory (EEPROM) devices are "dual-threshold" Field Effect Transistor 
(FET) devices. These devices include a floating silicon gate ("floating gate") 
isolated from the top programming gate ("control gate"). These devices are 
programmed (write and/or erase) by applying a set of programming potentials 
between the control gate and the silicon substrate. Devices are read as being either 
in the nonconducting state or in the conducting state based on the threshold state of 
the FET device. Hot carriers, which are usually electrons, are conventionally 
supplied and injected from the silicon substrate. Electrons are collected by the 
floating gate to raise the threshold to the nonconducting state for an NFET device 
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and conversely discharged into the substrate to lower the threshold and return to the 
conducting state. While the reading of the states is similar to the reading of 
Dynamic Random Access Memory (DRAM) devices, the writing or erasing process 
typically takes tens or hundreds of milliseconds. Therefore, it is desirable to 
5 improve the erase and / or write speed to enhance the range of applications for 
nonvolatile devices. 

The conventional nonvolatile devices discussed above involve high energy 
("hot") charge transport between the substrate and the floating gate. Part of the 
energy of the hot carriers is transferred to the interface lattice between the silicon 
1 0 substrate and the gate oxide. As a result, interface bonds break and interface 

characteristics get degraded after multiple write-erase cycles. The term "endurance" 
relates to these effects that multiple write-erase cycles have on the device. 
Consequently, the hot charge transport generates surface states at the silicon-oxide 
interface and creates local weak spots in the gate oxide that negatively affects the 
1 5 device by degrading the FET transconductance (Gm), enhancing the stored charge 
loss from the floating gate (i.e. retention loss), and reducing the endurance (i.e. 
operable write-erase cycles) of the device. 

It has been proposed to preserve the integrity of the silicon-oxide interface 
by providing primary charge carrier transport between the floating gate and the 
20 control gate. For example, it has been proposed to appropriately design the gate 
stack such that the charge transport takes place preferentially and primarily between 
the control gate and the floating gate by field emissions of carriers from either or 
both the control gate and the floating gate during write and erase operations. The 
nonvolatile devices include a control gate / floating gate capacitor and a floating 
25 gate / substrate capacitor. A programming voltage is capacitively divided between 
these two capacitors. Therefore, in order to provide the primary charge carrier 
transport between the floating gate and the control gate, the gate stack is designed so 
that more of the potential, and thus more of the electric field, is imposed between 
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the control gate and the floating gate rather than between the floating gate and the 
substrate. Such a device enters a low threshold state by hole transport from the 
control gate and subsequent collection at the floating gate, or by electron transport 
from the floating gate through the dielectric layer and discharge to the control gate, 
5 or by a combination of both the hole transport and the electron transport as stated 
above. Conversely, such a device enters a high threshold state by hole transport 
from the floating gate and subsequent discharge to the control gate, or by electron 
transport from the control gate through the dielectric layer and collection into the 
floating gate, or by a combination of both the hole transport and the electron 
10 transport as stated above. It is noted that the mechanism for charge transport for 
such devices is based on field emission alone. Conventional devices operate by 
multiple mechanisms for charge transport which include hot electron emission from 
the device channel as well as electron field emission from the substrate for a write 
operation; whereas for an erase operation, the mechanisms may include avalanche 
1 5 hole emission from the device junction and / or electron field emission from the 
control gate. 

Carrier field emission (or tunneling ) is exponentially dependent on the field 
K in the insulator and the potential barrier height for emission into the insulator, as 

^ provided by the following equation: 

J 
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For the above equation, J represents current density, E represents the electric field, 
and <I> B represents the barrier height or energy barrier. The carrier transport is 
capable of being significantly enhanced by increasing the electric field (E) imposed 
across the insulator and is capable of being significantly reduced by obtaining a 
25 larger energy barrier height ($ B ) between materials. 
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Conventional nonvolatile devices maybe termed "substrate-sourced-carrier 
devices" (SSCD) and the non-conventional nonvolatile devices discussed above may 
be termed "gate-sourced-carrier device" (GSCD). Since the floating gate acts as a 
capacitive voltage divider, the potential imposed between the control gate and the 
substrate is divided between the control gate / floating gate capacitor and the 
floating gate / substrate capacitor. SSCD devices are designed to have higher 
coupling constant (K > 0.5) to achieve a higher potential drop between the floating 
gate and the substrate to facilitate charge injection from the substrate during a write 
or erase operation. GSCDs are designed to have lower coupling constants (K < 0.5) 
for a greater potential drop between the control gate and the floating gate for such 
operation. With the smaller coupling constant, GSCDs are able to have a smaller 
geometry and are able to provide higher cell and chip density than conventional 
SSCDs. However, disadvantages with GSCDs include data retention and read 
disturb problems as explained below. 

With respect to the data retention problem, the GSCD is designed to 
facilitate charge transport between the control gate and the floating gate. The built- 
in field between the floating gate and the control gate is higher when the charge 
(electrons or holes) is stored in the floating gate. If the barrier height for carrier 
emission is sufficiently low, charge is transported more easily between the floating 
gate and the control gate, resulting in an enhanced stored charge loss, poorer data 
retention and loss of non-volatility. 

With respect to read disturb problems, all bits from the same word line 
column are subjected to the read-potential between the control gate and the substrate 
whenever a specific bit is read. The read-potential is positive at the control gate for 
NFETs. The addition of the read potential to the built-in potential enhances the 
stored charge loss (electrons to the control gate and holes to the substrate) during the 
read-pulse period for all those other bits on the word line holding charge in their 
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floating gates. Sufficient charge is capable of being lost due to these read pulses 
over time to cause permanent loss of data unless the data is periodically refreshed. 

The data retention problem and read disturb problem have prevented 
applications of GSCD in the past. These problems are capable of being designed out 
5 of the conventional SSCD by applying an oxide insulator at the floating gate - 
substrate interface with a high barrier height of 3.2 ev, by applying a thicker oxide- 
nitride-oxide (ONO) layer on the top and side of the floating gate such that the 
equivalent oxide thickness (t oxeq .) between the control gate and the floating gate is 
greater than 70nm, and by selecting the cell geometry (by enlarging the cell size) to 
1 0 achieve a larger coupling ration (K>0.5). For GSCD devices, such approaches with 
K<0.5 require higher write/erase voltages and result in slower write/erase speeds. 
Any attempt to improve speed by reducing the insulator thickness between the 
control gate and the floating gate or lowering the barrier height of the insulator 
between the control gate and the floating gate enhances the data retention and read 
1 5 disturb problems such that a frequent refresh is needed to prevent data loss. 

Therefore, there is a need in the art to provide an improved GSCD with 
improved voltage scalability, density and endurance while maintaining the smaller 
3 geometry and the resulting higher cell and chip density associated with GSCD. 

ru 

20 Summary of the Invention 

The above mentioned problems are addressed by the present subject matter 
and will be understood by reading and studying the following specification. The 
present subject matter provides nonvolatile memory devices that incorporate a band- 
gap engineered gate stack with asymmetric tunnel barriers. The gate stack is 
25 designed with appropriate energy barriers such that the memory device is capable of 
being programmed (i.e. written and erased) primarily through charge transport 
between the control gate and the floating charge-storage medium (i.e. floating gate 
floating plate). The gate stack is further designed with appropriate energy barriers 
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to retain the stored charge. The gate stack is further designed with appropriate stack 
geometry to former limit carrier flow from and to the substrate by providing the 
appropriate capacitive coupling (k < 0.5). 

The gate stack materials are selected with the appropriate energy barrier 
5 between the silicon substrate, the floating gate / plate, the control gate, and the 

respective interface insulators such that field emission is selective to either electrons 
or holes. While the selected carrier transport is enhanced between the control gate 
to the floating gate / plate due to the reduced barrier height at the control gate- 
insulator interface during programming, charges are retained in the floating gate / 
10 plate due to relatively higher barrier energy at the floating gate-insulator interface 
caused by the band-gap asymmetry. The insulator at the silicon substrate interface is 
selected so as to provide large barrier heights for both electrons and holes for 
minimal emission of carriers from the silicon substrate during write or erase. 
Additionally, the insulator thickness and stack geometry is designed to provide 
1 5 capacitive coupling K < 0.5 to further limit carrier flow from and to the silicon 
substrate. In this manner, carrier flow is restricted primarily between the control 1 
gate and the floating gate / plate in either direction for both write and erase. 

One aspect of the present subject matter is a nonvolatile memory device. 
One embodiment of the memory device includes first and second source/drain 
20 regions separated by a channel region in a substrate, a control gate, and a gate stack 
between the control gate and the channel region. The gate stack includes a first 
insulator region in contact with the channel region, a floating charge-storage region 
in contact with the first insulator region, and a second insulator region in contact 
with the floating charge-storage region and the control gate. The gate stack includes 
25 selected material for providing desired asymmetric energy barriers that are adapted 
to primarily restrict carrier flow during programming to a selected carrier between 
the control gate and the floating charge-storage region, and to retain a programmed 
charge in the floating charge-storage region. 
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Figure 19 illustrates the average field enhancement due to the incorporation 
of both a top injection layer and a bottom injection layer in a gate stack for a 
nonvolatile floating plate device. 

Figure 20 illustrates one memory array embodiment according to the present 
5 invention. 

Figure 21 is a simplified block diagram of a high-level organization of an 
electronic system according to the teachings of the present invention. 



Detailed Description of the Invention 

10 The following detailed description of the invention refers to the 

□ accompanying drawings which show, by way of illustration, specific aspects and 

4 embodiments in which the invention may be practiced. In the drawings, like 

ma 

j* numerals describe substantially similar components throughout the several views. 

These embodiments are described in sufficient detail to enable those skilled in the 
15 art to practice the invention. Other embodiments may be utilized and structural, 
logical, and electrical changes may be made without departing from the scope of the 
present invention. In the following description, the terms wafer and substrate are 

pi I . 

Q interchangeably used to refer generally to any structure on which integrated circuits 

ru 

are formed, and also to such structures during various stages of integrated circuit 
20 fabrication. Both terms include doped and undoped semiconductors, epitaxial layers 
of a semiconductor on a supporting semiconductor or insulating material, 
combinations of such layers, as well as other such structures that are known in the 
art. The term "horizontal" as used in this application is defined as a plane parallel to 
the conventional plane or surface of a wafer or substrate, regardless of the 
25 orientation of the wafer or substrate. The term "vertical" refers to a direction 

perpendicular to the horizontal as defined above. Prepositions, such as "on", "side" 
(as in sidewall), "higher", "lower", "over" and "under" are defined with respect to 
the conventional plane or surface being on the top surface of the wafer or substrate, 
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regardless of the orientation of the wafer or substrate. The following detailed 
description is, therefore, not to be taken in a limiting sense, and the scope of the 
present invention is defined only by the appended claims, along with the full scope 
of equivalents to which such claims are entitled. 
5 The present subject matter provides nonvolatile memory devices that 

incorporate a band-gap engineered gate stack with asymmetric tunnel barriers. The 
gate stack is designed with appropriate energy barriers, in conjunction with a 
predetermined control gate metallurgy, such that the memory device is capable of 
being programmed primarily through charge transport between the control gate and 

1 0 the floating charge-storage medium (i.e. floating gate or floating plate) using field 
emissions that are selective either to electrons or holes. The gate stack is further 
designed with appropriate energy barriers to retain the stored charge. The gate stack 
is further designed with appropriate stack geometry to further limit carrier flow from 
and to the substrate by providing the appropriate capacitive coupling (k < 0.5). The 

15 gate stack is further designed with material selected and combined to significantly 
enhance field emission at a reduced field. 

Figure 1 illustrates one embodiment of a floating gate embodiment of the 
nonvolatile device of the present invention. The device 100 is formed on a substrate 
102. In one embodiment, the substrate 102 includes p - silicon. A first source / 

20 drain region 104 and a second source / drain region 106 are formed in the substrate 
102 between isolation regions 108. The source / drain regions 104 and 106 are 
separated by a channel region 1 10 of the substrate 102. In one embodiment, each of 
the source / drain regions 104 and 106 include n - silicon positioned to define the 
channel region 1 10 in the substrate 102, and n + silicon used to provide a drain 

25 contact and a source contact. 

An asymmetric gate stack 1 12 is formed over the channel region 1 10 of the 
substrate 102. The gate stack 1 12 separates a control gate 1 14 from the substrate 
102. According to one embodiment, the control gate 1 14 includes aluminum, and is 

10 
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connected to an aluminum word line. One embodiment of the asymmetric gate 
stack 1 12 includes a first set of insulator region 1 16, a conventional silicon floating 
gate 1 18 that functions as a floating charge-storage region, and a second insulator 
region 120. The gate stack 1 12 is engineered to provide the desired asymmetric 
5 barrier energies for charge transport between the three nodes (substrate, floating 
charge-storage region, and control gate) of the device, and is further engineered to 
provide the desired electric fields between the three nodes of the device. 

In one embodiment of the asymmetric gate stack, the first insulator region 
1 16 includes a layer of Silicon Dioxide (Si0 2 ) 122 disposed over the channel region, 
1 0 and a layer of Tantalum Oxide (Ta^) 1 24 disposed over the layer of Si0 2 1 22. 

□ One embodiment of the layer of Si0 2 1 22 includes approximately 2 nm of NH 3 - ^ 

□ 

^ treated Si0 2 . Another embodiment of the layer of Si0 2 122 includes approximately 

2 nm of NO-treated Si0 2 . In one embodiment, the layer of Ta^ 124 has an 
CO equivalent oxide thickness (t ox eq ) of approximately 3 to 5 nm. In one embodiment, 

1 5 the layer of Ta 2 0 5 has an equivalent oxide thickness (t ox eq ) of approximately 4 nm. 
The silicon floating gate 1 18 is disposed on the layer of Ta^ 124. Conventional 



H silicon floating gates may be approximately 1 ,000 to 2,000 A (100 to 200 nm) thick. 

The invention is not so limited, however, to any particular dimension of the silicon 



y floating gate. A layer of Zirconium Oxide (Zr0 2 ) 126 is disposed on the silicon 

20 floating gate. In one embodiment, the layer of Zr0 2 126 has an equivalent oxide 
thickness (t ox eq ) of approximately 3 - 5 nm. An Oxide-Nitride-Oxide (ONO) 
sidewall 128 surrounds the asymmetric gate stack and isolates the device from other 
integrated circuit devices. 

It is noted that the nonvolatile device is capable of being viewed as three 
25 nodes that define two capacitors. The three nodes include the control gate, the 
floating gate, and the substrate. The two capacitors include the control gate / 
floating gate capacitor and the floating gate / substrate capacitor. Programming 
potentials are capable of being applied to the control gate and the substrate to 
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produce desired electric fields, Le. desired electromotive force (EMF), to allow for 
the desired transport of charge (holes and / or electrons) between the various nodes 
of the device. Further, it is noted that charge (holes or electrons) is capable of being 
accumulated and stored on the floating gate. The charge on the floating gate 
provides a built-in potential that either raises or lowers the threshold voltage of the 
device. In an NFET device, for example, accumulated holes reduce the threshold 
voltage of the device so that the device is in a conducting state, and accumulated 
electrons increase the threshold voltage of the device so that the device is in a 
nonconducting state. 

Figure 2 is a band diagram illustrating one embodiment of an asymmetric 
band-gap gate stack incorporated in the device of Figure 1. The band diagram is 
useful for illustrating the charge transport and charge storage during device 
operation. The band diagram includes representations for the silicon substrate 202, 
the aluminum control gate 214, and the asymmetric gate stack 212 between the 
substrate and the control gate. One embodiment of the asymmetric gate stack 212 
includes ~ 2 nm of Si0 2 222, - 3 - 5 nm t ox eq of Ta 2 0 5 224, a silicon floating gate 
218, and ~ 3 - 5 nm t ox eq of Zr0 2 226. 

The band diagram of Figure 2 shows various energy barriers between the 
materials. From the viewpoint of the silicon substrate 202, for example, electrons 
encounter a 3.2 ev energy barrier and holes encounter a 4.7 ev energy barrier 
attributable to the Si0 2 222 when they are transported from the silicon substrate 202 
to the silicon floating gate 2 1 8. From the viewpoint of the control gate 2 1 4, 
electrons encounter a 3.8 ev energy barrier and holes encounter a 1 .9 ev energy 
barrier attributable to the Zr0 2 226 when they are transported from the aluminum 
control gate 214 to the silicon floating gate 218. From the view point of the floating 
gate 218, electrons encounter a 1.5 ev energy barrier and holes encounter a 3.1 ev 
energy barrier attributable to the Zr0 2 226 when they are transported from the 
floating gate 218 to the control gate 214. Additionally, electrons encounter a 1.0 ev 

12 
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energy barrier and holes encounter a 2.9 ev energy barrier attributable to the Ta^ 
224 as well as electrons encountering an additional 2.2 ev energy barrier and hole 
encountering an additional 1 .8 ev attributable to the Si0 2 when they are transported 
from the floating gate toward the substrate. It is noted that electrons exhibit finite 
5 probability of directly tunneling from the Ta^ 224 through the Si0 2 222 to the 
substrate 202. However, due to lower mobility, holes exhibit reduced probability to 
directly tunnel from the Ta^ 224 through the Si0 2 222 to the substrate 202 
compared to the electrons. In any event, the Si0 2 222 provides an additional barrier 
to charge transport off of the floating gate 2 1 8 toward the substrate 202. 
1 0 Programming voltages are capable of being applied to the silicon substrate 

1 1 si 

□ 202 and the control gate 214 to provide sufficient field strength for achieving the 

□ 

4 desired charge transport. Figures 3 and 4 illustrate the charge transport that occurs 

fj when these programming voltages are applied. For simplicity, field induced band 

bending has not been shown. One should be mindful of the following points when 
1 5 viewing these diagrams. The floating gate 2 1 8 is capable of storing charge so as to 
provide a built-in potential between the floating gate 2 1 8 and the substrate 202 and 
between the floating gate 2 1 8 and the control gate 214. This built-in potential is 
capable of affecting the charge transport during voltage transients that occur when 
the programming voltage is first applied or switched. Further, positive and negative 
20 programming voltages have a large magnitude. In an NFET device which has a p - 
substrate, negative programming voltages are applied to the substrate 202 so that the 
PN junctions of the device are reversed biased (within the tolerance of the junction), 
and positive programming voltages are applied to the control gate 214. Also, it is 
possible to engineer the asymmetric gate stack geometry (for example capacitive 
25 area), and in particular to vary the equivalent oxide thicknesses of the first insulator 
region and the second insulator region, to modify the capacitive divider effects 
between the control gate / floating gate capacitor and the floating gate / substrate 
capacitor. As such, the gate stack 212 is capable of being engineered to apply the 
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majority of the EMF that is associated with the applied programming voltage across 
the second insulator region disposed between the control gate 214 and the floating 
gate 218 rather than across the first insulator region disposed between the floating 
gate 21 8 and the substrate 202. Higher EMFs provide higher energy to the charges 
5 so as to promote charge emission and transport. 

Figure 3 illustrates charge transport for an Erase Process, defined as a 
transition from a nonconducting high threshold (1) to a conducting low threshold 
(0), using the band diagram of Figure 2. Thicker arrows represent primary charge 
transport. During the erase process, a + 12V programming voltage is applied to the 

10 control gate, and the substrate is grounded to 0 V as shown in Figure 5. The primary 
charge transport involves the emission and transport of holes, designated as 330, 
from the aluminum control gate through the Zr0 2 and to the silicon floating gate 
because of the low 1.9 ev hole barrier height from the aluminum control gate to the 
Zr0 2 of the second insulator region and because of the comparatively higher EMF 

1 5 across the floating gate / control gate capacitor as compared to the silicon substrate / 
floating gate capacitor part of the gate stack. These holes 330 tunnel through the 
Zr0 2 and are collected at the floating gate. Holes are not likely to be injected and 
transported from the silicon floating gate because of the high hole energy barriers 
associated with the charge transport from the silicon floating gate through the Ta^ 

20 and the Si0 2 to the silicon substrate. The collection of holes at the floating gate 
lowers the threshold voltage of the NFET device and programs the device to a 
conducting or "0" state. That is, the NFET device is erased. At the same time, a 
complimentary charge transport occurs as electrons, designated as 332, are emitted 
and transported from the silicon floating gate through the Zr0 2 to the aluminum 

25 control gate because of the low 1 .5 ev electron barrier height from the silicon 

floating gate to the Zr0 2 and because of the comparatively higher EMF across the 
floating gate / control gate capacitor as stated above. Together, hole trapping and 
electron detrapping at the floating gate enhance the erase process. 



SLWK 1303.043US1 
Micron 01-0963 

Two additional charge emission and transport processes are also identified in 
Figure 3. Electron emission and transport from the silicon substrate is identified as 
334 while hole emission and transport from the floating gate is identified as 336. 
However, such mechanisms are dramatically suppressed due to large barrier energies 
(3.2 ev for electrons and 4.7 ev (2.9 ev + 1 .8 ev) for holes), and reduced 
programming field (E) between silicon substrate and the floating gate (k < 0.5 by 
design) as discussed with the carrier field emission equation previously provided in 
the section entitled Background of the Invention. These smaller charge transports 
334 and 336 are generally represented by thinner arrows. 

Figure 4 illustrates charge transport for a Write Process defined as a 
transition from a conducting low threshold (0) to a nonconducting high threshold 
(1), using the band diagram of Figure 2. During the write process, a +12 V 
programming voltage is applied to the substrate via the drain diffusion as shown in 
Figure 6, while the control gate is grounded to 0 V. It is noted that the programming 
voltage is brought into the specific cell via its drain (n+) diffusion while the 
substrate is made to float. During such process, the channel of the specific cell gets 
capacitively coupled and rises to the same potential as the drain. In one 
embodiment, if a block of cells to be written simultaneously, the relevant substrate 
block and drain nodes are held together during such writing process. Prior to the 
writing onset, the specific cell holds a built-in positive potential at the floating gate 
due to the trapped holes (being in the erased conducting state). During writing, the 
substrate potential rises to +12 V and with coupling coefficient of the cell designed 
to be k<0.5, more than half of the 12 Volts is imposed between te floating gate and 
the control gate. This potential is further enhanced by the built-in potential of the 
holes in the floating gate. As a result, the field (EMF) between the floating gate and 
the control gate attains significantly higher value as compared to that between the 
substrate and the floating gate at the onset of the writing process. This high field 
induces hole emission and transport 436 from the floating gate to the control gate. 

15 
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Simultaneously, this high field also induces complementary electron injection and 
transport 438 from the control gate to the floating gate as shown in Figure 4. 
Mechanism 436 involves the positive charge removal from the floating gate while 
mechanism 438 involves positive charge neutralization and or negative charge 
5 storage into the floating gate. Both of these involves positive charge neutralization 
and or negative charge storage into the floating gate. Both of these mechanisms are 
expected to dominate during the writing process resulting in net negative charge 
storage in the floating gate and transition of the cell to the non-conducting high 
threshold state. Some loss of electrons from the silicon floating gate to the silicon 

1 0 substrate defined as mechanism 440 is feasible at the initial transient period when 
the field associated with the floating gate and the substrate is maximum. But this 
mechanism is relatively weak due to the low field (k<0.5) between the floating gate 
and the substrate. This is represented by an arrow of intermediate thickness. The 
remaining mechanism 442, as shown in Figure 4, is insignificant due to the high 

1 5 hole energy barrier of 4.7 ev and the low field across Si0 2 -Ta 2 0 5 between the silicon 
substrate and the silicon floating gate. This is represented by a thinner arrow. 
Therefore, primary charge transport between the silicon floating gate and the 



Q aluminum control gate is also maintained by this invention during the write process. 

The band diagrams of Figures 2-4 are useful to show the retention 
20 enhancement and read-disturb immunity of the nonvolatile device of the present 
invention. Typically, for a device design employing a power supply of 2.5 V to 3.3 
V (Vdd), the threshold differential between the states 0 and 1 is around 2-3 V. For a 
worst case stack design of K=0.5, the built-in potential is less than 1.5 V and 
therefore the associated internal field due to the stored hole charge may not exceed 



25 ^2.5 E6 V/CM^Hole emission is negligible since the hole barrier is high to both the 
first insulator region and also the second insulator region (3. 1 ev to Zr0 2 and 2.9 ev 
to Ta 2 0 5 ). Additionally, electron emission from the substrate and from the control 
gate are negligible since the electron barrier is high (3.2 ev from the substrate to the 
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first insulator region and 3.8 ev from the control gate to the second insulator region). 
Therefore, the charge retention for the nonvolatile device of the present invention is 
expected to be excellent. 

With respect to the read-disturb immunity, a positive potential of Vdd is 
5 applied to the control gate and the bit line while the substrate and the source is held 
to the ground potential during a read pulse as shown in Figure 7. For those word 
line bits at 0 state in which the floating gate is storing holes and is providing a built- 
in potential, the peak field may exceed|4E6 V/CIM However, lower mobility of 
holes and higher barrier height would prevent any significant charge loss compared 
10 to a conventional design. On the other hand, for bits at 1 state, the field is reduced 



Q to less than|2.5 E6 V/CMj Therefore, electron emission and tunneling from the 

\f floating gate is expected to be negligible even with a relatively lower 1 .5 ev barrier 

fi height from the floating gate to the Zr0 2 of the second insulator region. As such, the 

0 read-disturb immunity for the nonvolatile device of the present invention is expected 

15 to be significantly enhanced. 

Figures 5 - 7 generally illustrate the operating conditions for one 
embodiment of the nonvolatile device of the present invention. The equivalent 
q oxide thickness (t ox eq ) of the gate stack is approximately 10 nm, wherein the 

1 iy thickness of Si0 2 is approximately 2 nm, the t ox eq of Ta^ is approximately 4 nm, 

20 and the t ox eq of Zr0 2 is approximately 4nm. In this embodiment, the power supply 
voltage is approximately 2.5 V, the threshold voltage in the nonconducting state 
(VT(1)) is approximately 2.5 - 3.0 V and the threshold voltage in the conducting 
state (VT(0)) is approximately 0.5 - 1.0 V. 

Figure 5 illustrates operating conditions for erasing an NFET nonvolatile 
25 device of Figure 1 . Erasing the NFET nonvolatile device involves a transition from 
a nonconducting state 1 to a conducting state 0. As such, holes are to be transported 
into and / or electrons are to be transported off the floating gate to lower the 
threshold voltage from VT(1) to VT(0). The drain voltage (Vdd), the source voltage 
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(Vss), and the substrate voltage/(Vsx\ are pulled to the ground potential. A positive 
programming pulse is applied to the control gate as the control gate voltage (Vcg). 
In one embodiment, the programming pulse is approximately + 12 V. In one 
embodiment, the + 12 V programming pulse has a duration approximately in the 
5 range o^Ho 10 msec\^ One of ordinary skill in the art will understand that this 

programming pulse is capable of being produced from the 2.5 V power supply using 
charge pumps. 

Figure 6 illustrates operating conditions for writing an NFET nonvolatile 
device of Figure 1. Writing the NFET nonvolatile device involves a transition from 
1 0 a conducting state 0 to a nonconducting state 1 . As such, electrons are to be 
3 transported into and / or holes are to be transported off of the floating gate to raise 

the threshold voltage from VT(0) to VT(1). The substrate voltagef(Vs^ is allowed 
to float, and the source voltage (Vss) and the control gate voltage (Vcg/are pulled to 
the ground potential. A positive programming pulse is applied to the drain to enable 
1 5 the substrate voltage (Vsx) to float up by capacitive coupling. In one embodiment, 
the programming pulse is approximately +12 V. In one embodiment, the duration of 
M the +12 V programming pulse is approximately 1 to 10 msec. One of ordinary skill 

in the art will understand that this programming pulse is capable of being produced 
from the 2.5 V power supply using charge pumps. 
20 Figure 7 illustrates operating conditions for reading an NFET nonvolatile 

device of Figure 1 . The power supply voltage (Vdd), e.g. 2.5 V, is applied at both 
the drain node as well as at the control gate (Vcg). The substrate voltagej(Vsx)\and 
the source voltage (Vss) are pulled to the ground potential. Current (I) is sensed 
between the source and the drain to determine if the NFET nonvolatile device is in a 
25 conducting low threshold state 0 or in a nonconducting high threshold state 1 . 

Figure 8 illustrates one embodiment of a floating plate embodiment of the 
nonvolatile device of the present invention. The device is similar to that shown in 
Figure 1, except that a floating plate replaces the floating gate as the floating charge- 
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storage region. As will be explained in more detail below, the floating plate has 
silicon nano crystals that enhance field emissions and at least an order of magnitude 
thinner (<10 nm) than the thickness of the floating gate. 

The device 800 is formed on a substrate 802. In one embodiment, the 
5 substrate includes p - silicon. A first source / drain region 804 and a second source / 
drain region 806 are formed in the substrate between isolation regions 808. The 
source / drain regions are separated by a channel region 810 of the substrate. In one 
embodiment, each of the source / drain regions include n - silicon source / drain 
extensions positioned to define the channel region in the substrate, and n + silicon 
10 used to provide regions for a drain contact and a source contact. 

□ An asymmetric gate stack 8 12 is formed over the channel region of the f 

Q ; 
\j substrate. The gate stack separates a control gate 814 from the substrate. According 

'LI to one embodiment, the control gate includes aluminum, and is connected to an 

L O aluminum word line. One embodiment of the asymmetric gate stack 812 includes a 

t . 1 5 first insulator region 8 1 6, a floating plate 8 1 8 that functions as a floating charge- 

storage region, and a second insulator region 820. The gate stack is engineered to 

!■* provide the desired asymmetric barrier energies for charge transport between the \ 

i'U 1 
i;3 three nodes (substrate, floating charge-storage region, and control gate) of the 



ru 



device, and is further engineered to provide the desired electric fields between the 

20 three nodes of the device. 

In one embodiment of the asymmetric gate stack, the first insulator region 
816 includes a layer of Silicon Dioxide (Si0 2 ) 822 disposed over the channel region, 
and a layer of Tantalum Oxide (Ta^) 824 disposed over the layer of Si0 2 . One 
embodiment of the layer of Si0 2 includes approximately 2 nm of NH 3 -treated Si0 2 . 

25 Another embodiment of the layer of Si0 2 includes approximately 2 nm of NO- 
treated Si0 2 . In one embodiment, the layer of Ta^ has an equivalent oxide 
thickness (t ox eq ) of approximately 3 to 5 nm. In one embodiment, the layer of Ta^ 
has an equivalent oxide thickness (t ox eq ) of approximately 4 nm. A layer of 
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Zirconium Oxide (Zr0 2 ) 826 is disposed on the silicon floating plate. In one 
embodiment, the layer of Zr0 2 has an equivalent oxide thickness (t ox#eq# ) of 
approximately 4 to 5 nm. An Oxide-Nitride-Oxide (ONO) sidewall 828 surrounds 
the asymmetric gate stack 812 and isolates the device from other integrated circuit 
5 devices. 

One embodiment includes a thin layer of silicon-rich-oxide (SRO) as the 
floating plate 818. Another embodiment includes a thin layer of silicon-rich-nitride 
(SRN) as the floating plate 8 1 8. The actual thickness of the floating plate is 
approximately between 3 nm to 10 nm. The equivalent oxide thickness (t ox eq ) of the 
10 floating plate is approximately between 1.5-5 nm. In one embodiment, the floating 
plate has a thickness of about 5 nm and an equivalent oxide thickness (tox.eq) of 
about 2.5 nm. The characteristics of SRO and SRN will be described in more detail j 



■j] below with respect to Figures 9-13. 

Lu As an overview, SRO and SRN contain silicon nano crystals that are capable 

/ 15 of storing charge. These silicon nano crystals are capable of simultaneously acting 

as charge trapping centers as well as charge emission centers. The silicon nano 
!"* crystals modulate the local potential distributions and enhance the field emission. 

q For effective charge storage, one embodiment includes a desired composition for 

PL] 

1 y SRO that has a refractive index of 1 .6, and a desired composition for SRN that has a 

20 refractive index of 2.2. Other embodiments employ a wider range of composition of 
SRO or SRN. The refractive index of SRO and SRN is developed below with 
respect to Figures 9-13. The enhanced field emissions allow floating plate devices 
to be programmed at a significantly reduced average field of approximately(7E6 
V/CN^as compared to the floating gate device programming field of\12E6 V/CM.^ 
25 The endurance (write-erase cycles before failure) of the device is enhanced by many 
orders of magnitude by the lower effective programming field. The programming 
voltage for the floating plate embodiment of Figure 8 is +/- 9 V for a total gate stack 
equivalent oxide thickness (tox.eq) of 13 nm including the SRO / SRN layer; 
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whereas the programming voltage for the floating gate embodiment of Figure 1 is + / 
- 12 V. 

Figures 9-13 show relevant properties of silicon rich insulators (SRI) from j 
the standpoint of charge trapping and charge injection or emission. Figure 9 is a 
5 graph showing refractive index of silicon-rich silicon nitride films versus 

SiH 2 Cl 2 /NH 3 flow rate ratio (R). This graph is provided herein to illustrate the 
known relationship between the silicon amount and the refractive index. The graph 
indicates that the index of refraction increases linearly with increasing silicon 
content. As such, the index of refraction of the films can be used as an indication of 
1 0 the silicon content of the films. 

Figure 10 is a graph showing current density versus applied field for silicon- 
rich silicon nitride films having different percentages of excess silicon. The current 
jj density (J) is represented in amperes / cm 2 , and log J is plotted against the electric 

0 field E (volts/cm) for Si 3 N 4 layers having a SiH 2 Cl 2 /NH 3 flow rate ratio R of 0. 1, 3, 

fen 

15 5, 1 0, 1 5 and 3 1 . This graph is provided herein to illustrate the known relationship 
between the amount of silicon and the conductivity of the film. The plot shows that 



M the Si 3 N 4 layers having small additions of silicon (R=3 and 5) exhibit a relatively 

ru 

n small conductivity increase over stoichiometric Si 3 N 4 . The plot further shows that 



ry 



increasing silicon content at or above R=10 substantially increases or enhances the 

20 conductivity. 

Figures 1 1 and 12 provide graphs that illustrate the known relationship 
between the flatband shift and applied fields for films having varying percentages of 
excess silicon as represented by the(SiH 2 Cl 2 /NH 3 flow rate ratio R^ Figure 1 1 is a 
graph showing flatband shift versus time at an applied field of 4 x 10 6 volts/cm for 

25 silicon-rich silicon nitride films having varying percentages of excess silicon. For 
R=3, the flatband shift is greater than the shifts produced by films having an R of 
0.1, 1 0 or 1 5. The film having an R of 1 0 provides a greater flatband shift than a 
film having an R of 15. Figure 12 is a graph showing flatband shift versus time at 
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an applied field of 7 x 10 6 volts/cm for silicon-rich silicon nitride films having 
varying percentages of excess silicon. The flatband shift produced by the R=3 film 
is even greater than that shown in Figure 1 1, while the shifts produced by the R=10 
and R=15 films do not change as appreciably. Figures 1 1 and 12 are provided to 
5 illustrate the characteristics of a charge storing medium and a more conductive 
charge injector medium as further explained below. 

The graphs of Figures 9-12, which were described above, indicate that at low 
additional silicon content, silicon-rich Si 3 N 4 films function as a charge storing 
medium as they exhibit appreciably enhanced trapping characteristics (as shown by 
10 the high flatband shifts at moderate and high applied electric fields in Figures 1 1 and 
;3 12, respectively) without exhibiting appreciably enhanced conductivity 

characteristics as shown in Figure 9. 

Silicon-rich silicon nitride films deposited at an R of 3 or 5 (for a refractive 
index of 2.10 and 2.17, respectively) will possess enhanced charge storing 
1 5 characteristics. This family of silicon rich nitride is identified herein as charge 
storing SRN or CS-SRN. In general, silicon-rich nitride films having an R greater 

! y 

H than 0. 1 and less than 10 (or, more specifically, having an index of refraction 

between approximately 2.10 and 2.30) will provide appreciably enhanced charge 
trapping or charge storing properties without providing appreciably enhanced charge 
20 conduction. This charge trapping is characteristic of a charge storing medium that 
can be used as a floating plate within a gate stack of a NV device as illustrated in 
Figure 8. 

Silicon-rich nitride films having an R greater than 10 (or, more specifically, 
having an index of refraction greater than 2.3) are referred to as an injector medium. 
25 Silicon nitride injectors are preferred over silicon oxide injectors because of the 
superior high temperature stability of the former material. Silicon readily diffuses 
within silicon oxide at elevated processing temperatures, which disrupts the 
injection threshold by reducing the localized field distortions. However, even at 
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higher processing temperature, silicon does not readily diffuse within Si 3 N 4 . A 
silicon-rich Si 3 N 4 (SRN) injector provides appreciably enhanced charge conductance 
without providing appreciably enhanced charge trapping over stoichiometric Si 3 N 4 . 
This is illustrated in Figures 3 and 4, which shows progressively reduced flatband 
5 shifts for R=10 and R=l 5 with progressively increased conduction. The family of 
materials acting as injector material is identified as "i-SRN." / 

Figure 13 is a graph showing apparent dielectric constant K versus refractive 
index for both Silicon Rich Nitride (SRN) and Silicon Rich Oxide (SRO). The SRN 
and SRO plotted in this graph were provided using a Low Pressure Chemical Vapor 
1 0 Deposition (LPCVD) process. The SRO was fabricated at approximately 680° C, 
and the fabricated structure included 100 A oxide and 150 A SRO. The SRN was 
fabricated at approximately 770° C, and the fabricated structure included 45 A oxide 
and 80 A SRN. As shown in the graph, the dielectric constant of silicon is around 
12. Materials with a higher K than silicon are conventionally termed a high K 
1 5 material, and materials with a lower K than silicon are conventionally termed a low 
K material. SRN that has a refractive index of 2.5 or greater and SRO that has a 
* refractive index of 1 .85 or greater have apparent dielectric constants that are greater 

[ i 

q than 12. Injector SRI includes these high K SRO and high K SRN family of 

^ materials. In the present invention, injector SRI layers are employed in the gate 

20 stack to further lower the programming field and enhance endurance. 

In one embodiment, the floating plate embodiment of Figure 8 is modified 
by incorporating an additional thin layer of "injector" SRN {i.e. SRN having a 
refractive index greater than 2.5) between the aluminum control gate and the Zr0 2 . 
In another embodiment, the floating plate embodiment of Figure 8 is modified by 
25 incorporating an additional thin layer of "injector" SRN between the Si0 2 and the 
Ta^. In another embodiment, the floating plate embodiment of Figure 8 is 
modified by incorporating one additional thin layer of "injector" SRN between the 
aluminum control gate and the Zr0 2 , and another additional thin layer of "injector" 
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SRN between the Si0 2 and the Ta^. In one embodiment, the thickness of these 
thin layers of injector SRN is approximately 2 - 3 nm. These structures lower the 
programming field. This concept is generally described and illustrated below in 
Figures 14-19. Applicant discusses this concept in detail in the U.S. patent 

5 application entitled "Scalable Flash/NV Structures and Devices With Extended 
Endurance," serial number 09/944,985, filed on August 30, 2001, which has been 
incorporated by reference into the present application. 

Figure 14 is a cross-section view of a conventional nonvolatile field effect 
transistor (NV FET) device. The illustrated device is fabricated on a silicon 

10 substrate 1412 such as a p silicon substrate or p-well in which case it is referred to 



□ as a source electrode (SE), and is separated from other devices by the isolation 

!; j trenches 1414. The device 1410 further includes diffused regions that function as a 

drain region 1416 and a source region 1418, such as the illustrated n+ diffused 
i;0 regions in the p substrate. A field effect transistor (FET) channel 1420 is formed in 

1 5 the substrate between the drain and source regions. A source contact 1422 is formed 
;J to electrically couple with the source region 1418, and^a bit contact 142^s formed 

»* to electrically couple with the drain region 1416. A floating polysilicon gate 1426 is 

ti 

2 formed over the FET channel 1420, and is separated from the FET channel 1420 by 

u tunnel oxide 1428. A control gate 1430, referred to as a program electrode (PE) for 

20 the illustrated embodiment, is formed over the floating polysilicon gate 1426. An 
oxide/nitride/oxide (ONO) interpoly dielectric 1432 is provided around and between 
the PE 1430 and the floating gate 1426. A bit line is connected to the bit contact, 
and a word line is connected to the PE. An oxide 1433 is formed around the NV 
FET device. 

25 Common dimensions for a typical NV FET device in the 0. 1 3 to 0. 1 5 \irn 

technology generations are provided below. The cell size for a NAND gate is 
approximately 0. 1 5 |im 2 . The FET channel is approximately 1 50 nm wide. Both the 
floating gate and the PE are approximately 150 nm wide and about 250 nm thick. 
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The tunnel oxide separating the floating gate from the FET channel is approximately 
8 nm thick. The ONO interpoly dielectric separating the PE and the floating gate is 
approximately 15 nm thick. The programming voltage applied to the PE is about 16 
volts, and the pulse width of a programming pulse is approximately 1 ms. The field 

5 generated across the tunnel oxide is approximately 12 x 10 6 V/cm. The minimum 
program window (V T ('T f ) - V T ("0")) is approximately 2 V. The minimum program 
window is defined as the difference in the threshold voltages for a device with a 
stored one and a device with a stored zero. The endurance for a typical NV FET 
device is about 10 5 write/erase cycles. The power supply V DD is 3.3 V. 

10 Figure 15 illustrates the capacitive coupling for a conventional NV FET 

device. Again, the device 1510 includes a control gate or^PE^530, a floating gate 

1526, and a substrate or(SE\512. A programming voltage VP, of 16 V is applied to 

/ 

the control gate. The electric field across about 8 nm of tunnel oxide 1528 (E TUN OX ) 
is approximately 12 x 10 6 V/cm, which reflects a coupling efficiency of about 60%. 
1 5 The low efficiency is attributable to the geometry and capacitor divider effects of the 
cell. 

Figure 16 illustrates the capacitive coupling for a nonvolatile floating plate 
device. The device 1640 includes a control gate 1630 separated from a substrate by 
a gate insulator stack 1642. The gate insulator stack 1642 includes a tunnel 

20 insulator 1644, charge centers 1646 that form a floating plate capable of storing 

charge, and a charge blocking dielectric 1648. A programming voltage VP 2 of 9.6 V 
is applied to the control gate 1630. As there is no separate floating gate, the 
coupling efficiency is 100%. The average electric field E AVG between the control 
gate 1630 and the substrate 1612 is between about 6 to 7 x 10 6 V/cm. 

25 Figure 17 illustrates the average field enhancement due to the incorporation 

of a top injection layer in a gate stack for a nonvolatile floating plate device. In this 
illustration, the gate insulator stack 1740, which is interposed between the control 
gate 1730 and the substrate 1712, includes a tunnel layer 1750 that includes Si0 2 
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and T^Oj, a charge blocking layer 1752 that includes charge centers (CS-SRN) 
1746 that form a floating plate or a charge storing medium, a charge blocking layer 
that includes Zr0 2 , and an injector layer (i-SRN) 1 754. The injector layer (i-SRN) 
1754 enhances the average electric field by a factor of about 1.5 (L5x) across the 
5 entire gate stack. A programming voltage VP 3 of 5.5 to 6.5 V is applied to the 

control gate 1730. The resulting average electric field E AVG between the control gate 
1730 and the substrate 1712 is reduced to about 4 x 10 6 V/cm. 

Figure 1 8 illustrates the average field enhancement due to the incorporation 
of a bottom injection layer in a gate stack for a nonvolatile floating plate device. In 
10 this illustration, the gate insulator stack 1 840, which is interposed between the 
□ control gate 1 830 and the substrate 1812, includes an injector layer (i-SRN) 1 856 

;3 

i, j over Si0 2 , a tunnel layer of Ta^ 1 850, and a charge blocking layer of Zr0 2 1 852 

that includes charge centers (CS-SRN) 1 846 to form a floating plate or a charge 
CO storing medium. In this embodiment, a programming voltage VP 3 of 5.5 to 6.5 V is 

:SS 

, 1 5 applied to the control gate 1 830. The resulting average electric field E AVG between 
; t f the control gate 1 830 and the substrate 1 8 1 2 is reduced to about 4 x 1 0 6 V/cm. This 

H illustrates that the same general results are achieved whether the injector layer is on 



q top of the gate insulator stack or on the bottom of the gate insulator stack. That is, 

^ the injector layer (i-SRN) enhances the electric field by a factor of about 1 .5x. 

20 Figure 19 illustrates the average field enhancement due to the incorporation 

of both a top injection layer (i-SRN) and a bottom injection layer (i-SRN) in a gate 
stack for a nonvolatile floating plate device. In this illustration, the gate insulator 
stack 1940, which is interposed between the control gate 1930 and the substrate 
1912, includes a first injector layer SRN 1956 over a thin Si0 2 layer, a tunnel layer 

25 of Ta 2 0 5 1950, a charge blocking layer of Zr0 2 1952 that includes charge centers 
(CS-SRN) 1946 that form a floating plate or a charge storing medium, and a second 
injector layer (i-SRN) 1 954 on top of Zr0 2 . The use of an injector layer on the top 
and on the bottom of the gate insulator stack enhances the electric field by a factor 
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of about 1.7 (1.7x). A programming voltage VP 3 of 5.5 to 6.5 V is applied to the 
control gate 1930. The resulting average electric field E AVG between the control gate 
1930 and the substrate 1912 is reduced to about 3.5 x 10 6 V/cm. 
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5 Memory Array Level 

Figure 20 illustrates one memory array embodiment according to the present 
invention. The memory array includes at least one block of memory cells. The 
cells are arranged in rows and columns. All of the cells in a particular column have 
drains D connected to a common bit line BL and all of the cells in a particular row 
1 0 have control gates connected to a common word line WL. The bit lines BL are 
3 identified as BL0-BLM and the word lines WL are identified as WL0-WLN. The 

figure illustrates that all of the cells in a column have sources S connected to a 
common source line SLO, SL1, etc., but the invention is not so limited. Other 
sources lines are capable of being used to connect to the source S of various cells in 
15 the array. A single source line is capable of being connected to the source S of a 
number of columns, and is capable of connecting the sources of all of the cells of the 
array to a ground potential. According to various embodiments, various numbers of 
cells are capable of being incorporated in a block or an array. The figure illustrates 
that the backgate or substrate of all of the cells are connected together via a backgate 
20 line (BGL). The invention is not limited to a single backgate line as additional 
backgate lines may be used. For example, various backgate lines are capable of 
being used for arrays of NFET memory devices that use p- wells to isolate the 
substrate of selected cells from the substrate of other cells. 

The cells are arranged in column pairs, with each cell of the pair sharing a 
25 common source S. For example, cell pair 2060 and 2062 have a common source S 
connected to the source line SL. The drains D of the cells are connected to the bit 
line BL associated with the column in which the cells are located. For example, the 
cell pair 2060 and 2062 have their drains D connected to a common bit line BL1 . 
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One of the cells in the block of cells in the array is selected according to 
address signals on address lines. The address signals are decoded to select the lines 
that identify one cell. These lines used to identify one cell include the word line and 
the bit line. Additionally, since more than one source line and/or backgate may be 
5 present, the appropriate source line and/or backgate line needed for programming 
can be decoded from the address. A selected cell is capable of being programmed 
(i.e. written / erased) and read. 

A selected cell(s) is written (low to high threshold transition) by pulling the 
appropriate source line(s) and word line(s) to a ground potential, raising the 
1 0 appropriate bit line(s) to + 1 2 V by applying a programming pulse for approximately 
10 msec, for example, while letting the substrate float. 

A selected cell(s) is erased (high to low threshold transition) by pulling the 



I'H appropriate source line(s) and bit line(s), as well as the substrate of the selected 

i;Q cells, to a ground potential, and applying a positive programming pulse + 12 V for 

1 5 approximately 10 msec, for example, to the appropriate word line(s). 

A selected cell is read by pulling the appropriate source line, as well as the 

|;4 substrate of the selected cell, to a ground potential, by applying Vdd, such as a Vdd 

f j i 

q of approximately + 2.5 V, to the appropriate bit line and word line, and by sensing 

I U the current on the bit line to determine if the selected cell is in a conducting low 

20 threshold state 0 or in a nonconducting high threshold state 1 . 



System Level 

Figure 21 is a simplified block diagram of a high-level organization of an 
electronic system according to the teachings of the present invention. The system 
25 2 1 00 includes a memory device 2 1 02 which has an array of memory cells 2 1 04, 
address decoder 2106, row access circuitry 2108, column access circuitry 21 10, 
control circuitry 21 12 for controlling operations, and input/output circuitry 21 14. 
The memory device 2 1 02 further includes power circuitry 2 1 1 6, a charge pump 
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21 18 for providing the higher- voltage programming pulses, and sensors 2120 such 
as current sensors for determining whether a memory cell is in a low-threshold 
conducting state or in a high-threshold nonconducting state. Also, as shown in 
Figure 21, the system 2100 includes a processor 2122, or memory controller for 
memory accessing. The memory device 2 1 02 receives control signals 2 1 24 from the 
processor 2122 over wiring or metallization lines. The memory device 2102 is used 
to store data which is accessed via I/O lines. It will be appreciated by those skilled 
in the art that additional circuitry and control signals can be provided, and that the 
memory device 2102 has been simplified to help focus on the invention. At least 
one of the processor 2122 or memory device 2102 has a memory cell formed 
according to the embodiments of the present invention. That is, at least one of the 
processor 2122 or memory device 2102 includes an asymmetrical band gap 
engineered nonvolatile memory device that has enhanced data retention and 
programming speed according to the teachings of the present invention. 

It will be understood that the embodiment shown in Figure 21 illustrates an 
embodiment for electronic system circuitry in which the novel memory cells of the 
present invention are used. The illustration of system, as shown in Figure 2 1 , is 
intended to provide a general understanding of one application for the structure and 
circuitry of the present invention, and is not intended to serve as a complete 
description of all the elements and features of an electronic system using the novel 
memory cell structures. Further, the invention is equally applicable to any size and 
type of memory device using the novel memory cells of the present invention and is 
not intended to be limited to that described above. As one of ordinary skill in the art 
will understand, such an electronic system can be fabricated in single-package 
processing units, or even on a single semiconductor chip, in order to reduce the 
communication time between the processor and the memory device. 

Applications containing the novel memory cell of the present invention as 
described in this disclosure include electronic systems for use in memory modules, 
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device drivers, power modules, communication modems, processor modules, and 
application-specific modules, and may include multilayer, multichip modules. Such 
circuitry can further be a subcomponent of a variety of electronic systems, such as a 
clock, a television, a cell phone, a personal computer, an automobile, an industrial 

5 control system, an aircraft, and others. 

The figures presented and described in detail above are similarly useful in 
describing the method aspects of the present subject matter. These aspects include, 
but are not limited to, methods of forming the nonvolatile memory device and arrays 
of nonvolatile memory devices, and methods of operating the nonvolatile memory 

10 devices and arrays of nonvolatile memory devices. 



CONCLUSION 

The present subject matter provides nonvolatile memory devices that 
1 5 incorporate a band-gap engineered gate stack with asymmetric tunnel barriers. The 
gate stack materials are selected with the appropriate energy barrier between the 
silicon substrate, the floating gate / plate, the control gate, and the respective 
interface insulators. As such, field emission of carriers is selective to either 
electrons or holes, and carrier transport is selective between the floating node and 
20 the control gate during programming. The selected carrier transport is enhanced 
between the control gate to the floating gate / plate due to the reduced barrier height 
at the control gate-insulator interface during programming. Charges are retained in 
the floating gate / plate due to relatively higher barrier energy at the floating gate- 
insulator interface caused by the band-gap asymmetry. The insulator at the silicon 
25 substrate interface is selected so as to provide large barrier heights for both electrons 
and holes for minimal emission of carriers from the silicon substrate during write or 
erase. Additionally, the insulator thickness and stack geometry is designed to 
provide capacitive coupling K < 0.5 to further limit carrier flow from and to the 
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silicon substrate. In this manner, carrier flow is restricted primarily between the 
control gate and the floating gate / plate in either direction for both write and erase. 

Although specific embodiments have been illustrated and described herein, it 
will be appreciated by those of ordinary skill in the art that any arrangement which is 
5 calculated to achieve the same purpose may be substituted for the specific 
embodiment shown. This application is intended to cover any adaptations or 
variations of the present invention. It is to be understood that the above description 
is intended to be illustrative, and not restrictive. Combinations of the above 
embodiments, and other embodiments will be apparent to those of skill in the art 
1 0 upon reviewing the above description. The scope of the invention includes any 
other applications in which the above structures and fabrication methods are used. 

P The scope of the invention should be determined with reference to the appended 

4 

Lfj claims, along with the full scope of equivalents to which such claims are entitled. 
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